We have demonstrated previously that cyclo-oxygenase-2 (COX2), the rate-limiting enzyme in the biosynthesis of prostaglandins (PGs), is essential for blastocyst implantation and decidualization. However, the candidate PG(s) that participates in these processes and the mechanism of its action remain undefined. Using COX2-deficient mice and multiple approaches, we demonstrate herein that COX2-derived prostacyclin (PGI 2 ) is the primary PG that is essential for implantation and decidualization. Several lines of evidence suggest that the effects of PGI 2 are mediated by its activation of the nuclear hormone receptor PPAR␦, demonstrating the first reported biologic function of this receptor signaling pathway.
Prostaglandins (PGs) participate in a variety of cellular functions including modulation of vascular tone, cell proliferation, and differentiation. These lipid mediators are generated via the cyclo-oxygenase (COX) pathway; COX is the rate-limiting enzyme for the conversion of arachidonic acid into prostaglandin H 2 (PGH 2 ), the common substrate for various PG synthases (Smith and DeWitt 1996) . COX exists in two isoforms that are encoded by two separate genes. Gene targeting in mice has established distinct functions for these isoforms. Whereas COX1-deficient females are fertile with specific parturition defects, COX2-deficient females exhibit multiple reproductive failures (Dinchuk et al. 1995; Langenbach et al. 1995; . For example, COX2 mutant females exhibit ovulation and fertilization defects, suggesting a role for ovarian COX2 in ovulation and oocyte maturation. Further, the expression of uterine COX2 in an implantation-specific manner in wild-type mice and defective implantation and decidualization in COX2-deficient mice establish that uterine COX2 is essential for these processes (Chakraborty et al. 1996; . However, the candidate PG(s) derived from uterine COX2 and its mode of action in these events remain unanswered.
COX1 and COX2 are expressed in both the endoplasmic reticular (ER) membrane and the nuclear envelope (Spencer et al. 1998) , suggesting that PGs are poised to function via two different classes of receptor systems. PGs synthesized in the ER can exit cells and function through G protein-coupled cell surface receptors that are linked to different cytoplasmic signaling pathways (Negishi et al. 1995) . In the mouse, cell surface receptors for the prostaglandins PGE 2 , PGF 2␣ , PGD 2 , prostacyclin (PGI 2 ), and thromboxanes have been cloned as EP, FP, DP, IP, and TP, respectively (for review, see Negishi et al. 1995) . Furthermore, PGE 2 binds and activates a set of functionally distinct EP receptor subtypes, EP 1 , EP 2 , EP 3 , and EP 4 , which are classified on the basis of their responses to various PGE 2 agonists or antagonists (Negishi et al. 1995) . In contrast, PGs produced via nuclear COX can exert their effects directly on the nucleus by interacting with peroxisome proliferator-activated receptors (PPARs), which belong to nuclear hormone receptor superfamily (Mangelsdorf and Evans 1995) . In the mouse, three members of the PPAR family have been cloned and identified as PPAR␣, PPAR␥, and PPAR␦(␤) (Kliewer et al. 1994 ). These different isoforms exhibit different expression patterns and ligand dependency (Forman et al. 1995 Kliewer et al. 1994 Kliewer et al. , 1995 Kliewer et al. , 1997 . For example, PPAR␣ is highly expressed in the liver and is implicated in lipid homeostasis. It is activated by synthetic hypolipidemic drugs of the fibrate class, longchain fatty acids, leukotriene B 4 and PGI 2 agonists, and regulates expression of several genes involved in lipid metabolism (for review, see Devchand et al. 1996; Schoonjans et al. 1996a,b; Forman et al. 1997; Kliewer et al. 1997; Motojima et al. 1998) . PGI 2 agonists carbaprostacyclin (cPGI) and iloprost can also directly interact with PPAR␦ Kliewer et al. 1997) .
PPAR␥ is mainly expressed in white adipose tissue and is implicated in adipocyte differentiation. Ligands for PPAR␥ include the antidiabetic thiazolidinedione (TZD) drugs and a metabolite of PGJ 2 , 15-deoxy-⌬ 12,14 -PGJ 2 (Tontonoz et al. 1994; Forman et al. 1995 Forman et al. , 1997 Kliewer et al. 1995 Kliewer et al. , 1997 . The activation of this receptor also terminally differentiates liposarcoma and breast carcinoma cells, suggesting a role in cell cycle regulation (Altoik et al. 1997; Tontonoz et al. 1997; Mueller et al. 1998) . The identification of PPAR as a receptor for liver peroxisome proliferators stimulated extensive investigations regarding the role of these receptors in lipid metabolism and homeostasis (Reddy and Krishnakantha 1975; Isseman and Green 1990; Schoonjans et al. 1996a ). However, emerging evidence suggests that PPAR␣ and PPAR␥ mediate other biological functions in different cellular contexts (Jiang et al. 1998; Ricote et al. 1998; Staels et al. 1998; Tontonoz et al. 1998) . In contrast, information regarding potential roles of PPAR␦ in any physiological and/or developmental processes is very limited, although this gene is expressed in various embryonic and adult tissues (Kliewer et al. 1994; Braissant et al. 1996; Braissant and Wahli 1998) .
PPARs modulate transcription by binding to sequencespecific PPAR response elements (PPRE) in promoters of target genes, resulting in activation or suppression of transcription with respect to promoter context (Muerhoff et al. 1992; Tugwood et al. 1992) . PPARs must heterodimerize with retinoid X receptors (RXRs) that functions as promiscuous partners for various nuclear receptors during transcriptional regulation (Kliewer et al. 1992) . This heterodimer recruits transcriptional coactivators such as steroid receptor coactivator-1 (SRC-1) and CREB-binding protein (CBP) for transcriptional activation when exposed to PPAR-specific ligands (Direnzo et al. 1997; Zhou et al. 1998 ). In the presence of both PPARand RXR-specific ligands, this type of interaction confers synergistic activation of target genes (Mukherjee et al. 1997; Schulman et al. 1998) .
Although our previous investigation demonstrated that uterine COX2 is essential for normal blastocyst implantation and decidualization , the specific PG(s) involved in these processes and its mechanism of action were not clearly understood. The present investigation establishes PGI 2 as a key mediator in the process of implantation and decidualization. Moreover, it participates in these processes via the PPAR␦ and RXR␣ signaling pathway in the uterus.
Results

PGI 2 is the most abundant PG at the implantation sites
In the rodent, the first sign for the attachment reaction is an increase in endometrial vascular permeability at the sites of blastocyst apposition. This coincides with the initial attachment reaction between the uterine luminal epithelium and blastocyst trophectoderm. In the mouse, these events occur at 2200-2300 hr on day 4 (day 1 = vaginal plug) of pregnancy (Dey 1996) . Because of their vasoactive nature, PGs have been implicated in this process. To address which of the PGs mediates the process of implantation and decidualization, we first measured levels of various PGs at the implantation and interimplantation sites on day 5 of pregnancy in wild-type mice. Implantation and interimplantation sites were pooled from 3-10 wild-type mice and assayed for PGs by gas chromatography/mass spectrometry (GC/MS). As shown in Figure 1 , the level of PGI 2 was the highest followed by PGE 2 and other prostanoids. In addition, the level of PGI 2 was significantly higher at the implantation sites compared with the interimplantation sites. These PGs are primarily generated by uterine COX2, as uterine COX1 expression is very low or undetectable during this time (Chakraborty et al. 1996) . Because PGI 2 is a potent vasoactive agent (Moncada 1983 ) and participates in vascular permeability changes (Murohara et al. 1997; Wheeler-Jones et al. 1997) , this lipid mediator may be associated with increased localized vascular permeability in the uterus during implantation.
PGI synthase is expressed at the implantation sites
Because PGI 2 is the most abundant PG at the implantation sites in wild-type mice, we examined cellular sites of PGI 2 synthesis in the wild-type mouse uterus during early pregnancy. PGI 2 is synthesized from PGH 2 by PGI synthase (PGIS), a membrane-bound heme protein of the P450 family (Tone et al. 1997) . Spatiotemporal expression of PGIS was examined by Northern blot, in situ hybridization, and immunocytochemistry (Smith et al. Figure 1 . Levels of PGs in implantation and interimplantation sites on day 5 of pregnancy. Implantation (open bars) or interimplantation (patterned bars) sites were pooled from 3-10 wildtype mice. PGI 2 was measured as 6-keto-PGF 1␣ . Mean ± S.E.M.. The levels of PGI 2 were higher in the implantation sites than those in the interimplantation sites as well as the PGE 2 levels in the implantation sites (P < 0.05, paired t-test). These experiments were repeated several times as indicated within parentheses.
1983; Geraci et al. 1997) . A transcript of ∼2.0 kb, as reported previously (Tone et al. 1997) , was detected in the pregnant uterus (data not shown). In situ hybridization revealed temporal and cell-specific expression in the peri-implantation uterus (Fig. 2) . On days 1-4 (0900 hr), modest levels of autoradiographic signal were noted in the myometrium and subsets of stromal cells. In contrast, an abundant accumulation of PGIS mRNA was localized around the implanting blastocyst with distinct accumulation in the stromal vasculature on day 5. With the progression of implantation (days 6-8), strikingly condensed expression of PGIS was noted in the ectoplacental cone and trophoblast cells at the maternal-embryonic interface as well as in the embryo proper. In addition, cells lining the vascular sinusoids at the mesometrial pole also expressed this mRNA. These cells are implicated in angiogenesis and/or placentation, as they also express vascular endothelial growth factor (VEGF) and its receptors in a similar pattern (Chakraborty et al. 1995) . Immunocytochemistry on day 5 implantation sites revealed differential subcellular expression of PGIS. As shown in Figure 2 , e-f, PGIS immunoreactivity was noted both in the nucleus and cytoplasm of stromal cells surrounding the implanting embryo. This is consistent with the previous report of localization of PGIS in the nuclear and ER membranes of smooth muscle cells of various organs (Smith et al. 1983) . It is to be noted that uterine COX2 protein on day 5 of pregnancy exhibits similar differential subcellular pattern , suggesting generation of PGI 2 at the same subcellular sites.
Nuclear PGI 2 receptor PPAR␦ and its obligate partners RXRs are expressed at implantation sites
The above results suggest that PGI 2 is generated by the COX2/PGIS system in stromal cells at the site of implantation. To understand the possible mechanism by which COX2-derived PGI 2 exerts its effects during implantation, we examined the spatiotemporal expression of known cell surface and nuclear receptors for PGI 2 . A G protein-coupled cell surface receptor that activates cAMP and inositol phosphate production has been identified for PGI 2 as IP (Namba et al. 1994 ). However, this gene is apparently not critical in reproduction, as both female and male homozygous null mutant mice for IP are fertile (Murata et al. 1997) . We also observed that IP mRNA levels are very low or undetectable in the uterus before and after implantation (Fig. 3) suggesting that this receptor is not crucial for PGI 2 action during implantation. Thus, we examined the expression of known nuclear receptors that are activated by PGI 2 agonists, that is, PPAR␣ and PPAR␦, as well as PPAR␥, a receptor for 15-deoxy-⌬ 12,14 -PGJ 2 (Forman et al. 1995 . In situ hybridization demonstrated that PPAR␣ expression is undetectable or very low in the uterus during the periimplantation period as is PPAR␥ (Fig. 3) . In contrast, uterine PPAR␦ expression during this period has a distinctive pattern. For example, this gene is undetectable in the preimplantation uterus (days 1-4, 0900 hr) but is markedly induced in the stroma surrounding the implanting blastocyst on the night of day 4 (2200-2300 hr) when the attachment reaction occurs (Fig. 4A) . Furthermore, this expression becomes localized around the embryo on the morning of day 5 and is abundantly expressed in the decidua during the postimplantation period (days 6-8) (Fig. 4A) . The prominent induction of PPAR␦ in the absence of either IP or PPAR␣ expression strongly suggests that PPAR␦ mediates PGI 2 effects in implantation and decidualization. Normal fertility in PPAR␣-deficient female mice also supports this notion . Furthermore, this observation suggests a novel role for PGI 2 as a nuclear PG ligand that regulates gene expression during these processes. Although our observation demonstrates for the first time a unique pattern of developmentally regulated expression pattern of PPAR␦, a ubiquitous nature of PPAR␦ expression has been previously reported (Braissant et al. 1996; Braissant and Wahli 1998) .
As mentioned earlier, PPARs heterodimerize with their obligate partner receptors, the RXRs, to bind to a PPRE and function as transcriptional regulators (Muerhoff et al. 1992; Tugwood et al. 1992) . Thus, we examined the spatiotemporal expression of RXR members (␣, ␤, and ␥) in the uterus during implantation to identify the potential RXR member(s) available as a putative heterodimerization partner for PPAR␦ in this process. As shown in Figure 4B , RXR␣ is highly expressed in endometrial cells on all days of pregnancy examined (days 1-8, data shown for days 4, 5, and 8). Abundant expression of RXR␣ in the decidua was reported previously (Mangelsdorf et al. 1992) . RXR␥ was undetectable by in situ hybridization during this period (data not shown). Although RXR␤ is also expressed at high levels in the peri-implantation uterus (data not shown), we focused on RXR␣ for further experiments. The RXR␣ null mutant mice are embryonic lethal (Kastner et al. 1994) and its importance as a critical member of the RXR family was established using compound knockout mice in which it was shown that one copy of RXR␣ is sufficient for the viability of mice in the absence of other RXR members (Krezel et al. 1996) . It should be noted that all three RXR members are capable of binding to PPRE in vitro with any given PPAR (Kliewer et al. 1994 ).
COX2 and PPAR␦ are coordinately expressed during decidualization
Previously, we showed that the application of a deciduogenic stimulus in the pseudopregnant uterus on day 4 induces rapid and transient expression of COX2 in the epithelial cells by 2 hr ). This observation suggested that COX2 induction is important for the initiation of decidualization . Because COX2 induction during the attachment reaction in normal pregnancy occurs in the epithelial and stromal cells at the site of blastocyst apposition, we examined whether similar induction of COX2 occurs in the stroma during experimentally induced decidualization. As shown in Figure 5 , the application of a deciduogenic stimulus did markedly induce COX2 expression in the uterine stroma of the infused horn in a focal fashion by 24 hr, similar to the pattern observed during normal implantation (Chakraborty et al. 1996) . Furthermore, PPAR␦ was coordinately, but broadly, induced in the stroma of the infused horn in a pattern coincident with COX2 induction (Fig. 5 ). Both COX2 and PPAR␦ expressions were very low or undetectable in the noninfused horn at this time, suggesting that these genes are associated with the onset of decidualization.
cPGI amplifies heterodimerization of PPAR␦ and RXR␣ in decidual cell nuclei
RXRs function as promiscuous partner receptors for various nuclear hormone receptors including PPARs, vitamin D receptor (VDR), thyroid hormone receptor (TR), and retinoic acid receptors (RARs). Experiments in vitro suggest that PPAR/RXR heterodimerization and subsequent DNA binding are independent of ligand when both receptors are in excess (Mangelsdorf and Evans 1995) . However, it has also been demonstrated that if either of the receptors is limiting, then the ligands in fact promote receptor dimerization ). This study specifically showed that cPGI induces heterodimerization of PPAR␦/PPAR␣ and RXR. Further, earlier studies have established that ecdysone (Yao et al. 1993) , vitamin D (Cheskis and Freedman 1997) , and 9-cis-retinoic acid (9-cis-RA) (Zhang et al. 1992 ) all can promote dimerization of their specific receptors. Thus, under normal physiological conditions, where the amount of receptor could be limiting, a ligand can promote both receptor dimerization and cofactor recruitment. To examine if a ligand for PPAR␦, cPGI, can augment or stabilize heterodimer formation between PPAR␦ and RXR␣ in decidual cells, we monitored heterodimerization of PPAR␦ and RXR␣ in intact nuclei isolated from day 8 decidua by coimmunoprecipitation. As shown in Figure 6A , when PPAR␦ immunoprecipitates were subjected to Western blotting with both PPAR␦ and RXR␣ antibodies, a more prominent RXR␣ immunoreactive product was noted in the presence of cPGI; the relative amount of RXR␣ to PPAR␦ was approximately twofold. This demonstrates that cPGI is able to induce or stabilize the heterodimerization of these two nuclear receptors within the decidual cell nucleus. This is the first reported observation that PPAR␦-RXR␣ dimerization can be enhanced by cPGI in a physiological context. The results reinforce our hypothesis that cPGI-mediated restoration of implantation and decidualization in COX2 −/− mice is through this receptor system.
cPGI induces transcription of a PPRE-containing reporter gene in the presence of PPAR␦ in an endometrial cell line
To determine whether cPGI serves as an activating ligand for PPAR␦ in uterine cells, we performed transient transfection assays in a human uterine carcinoma AN 3 CA cell line (Dawe et al. 1964 ). This endometrial cell line, which expresses RXR␣ but not PPAR␦ as assessed by immunoblotting (data not shown), was transiently transfected with the PPRE3-tk-luciferase reporter (which contains three tandem repeats of the PPAR response element from the acyl CoA oxidase gene promoter) and either an empty expression vector or expression vectors for either PPAR␣ or PPAR␦. As shown in Figure 6B , although addition of cPGI alone modestly induced PPAR␦ activity, the combination of cPGI with the RXR ligand 9-cis-RA led to a profound synergistic induction of PPAR␦ activity. We also employed a novel synthetic PPAR␦ agonist, L-165,041, (an investigational product of Merck Pharmaceutical Company) which has been shown to exhibit >100-fold selectivity for PPAR␦ versus PPAR␥ or PPAR␣ (Berger et al. 1999) . Similar results were observed in AN 3 CA cells when L-165,041 was used (Fig. 6B) . Although cPGI was reported as an activating ligand for PPAR␣ , it was unable to induce PPAR␣-mediated transcription to the levels observed in PPAR␦-mediated transcription. However, the PPAR␣-specific ligand WY-14,643 activated PPAR␣-mediated transcription by fivefold. Further, the inability of L-165,041 to activate PPAR␣-mediated transcription confirms its specificity toward PPAR␦ (Fig. 6B) .
PGI 2 and PPAR␦ agonists restore implantation in COX2
−/− mice Synchronized development of the embryo to the blastocyst stage and differentiation of the uterus to the receptive state are essential for implantation (Paria et al. 1993; Dey 1996) . In the mouse, day 4 of pregnancy is the day of uterine receptivity for implantation and is achieved by coordinated effects of ovarian progesterone (P 4 ) and estrogen (Huet-Hudson et al. 1989; Dey 1996) . On this day, the luminal epithelium becomes differentiated for its interaction with the blastocyst trophectoderm for the attachment reaction. This interaction is readily followed by stromal cell proliferation and differentiation into decidual cells (decidualization) restricted to the implantation sites. Because PGI 2 is the most abundant PG at the implantation sites (Fig. 1 ) and because carbaprostacyclin (cPGI) can function as a ligand for PPAR␦ that is expressed in the uterus at the sites of implantation (Figs. 4A and 6B), we sought to improve defective implantation in COX2 −/− mice by exogenous administration of cPGI. In these experiments, day 4 wild-type blastocysts were transferred into wild-type or COX2 −/− recipient uteri on day 4 of pseudopregnancy and implantation sites were recorded on day 6 by the blue dye method (Paria et al. 1993; . Mice were treated with vehicle, cPGI, cicaprost, or PGE 2 . Because COX2 −/− mice also have defective ovulation , it was surmised that they have reduced P 4 levels. Thus, they were treated with P 4 (2 mg/mouse) from days 3-5. As shown in Table 1 , 55/112 (∼49%) blastocysts had implanted in all wild-type recipients (n = 9). In contrast, only 7/139 (∼5%) blastocysts had implanted in 3 of 10 COX2 −/− recipients. Administration of cPGI considerably improved the implantation rate; 32/98 (∼33%) blastocysts had implanted in all COX2 −/− recipients (n = 6). However, administration of cicaprost (a PGI 2 agonist) that can activate the IP receptor, but not PPAR␦ (Forman et al. 1995) , failed to induce implantation in all COX2 −/− recipients (n = 4). PGE 2 alone showed a meager improvement in implantation; only 16/98 (∼16%) blastocysts had implanted in 4 of 6 COX2 −/− recipients. Although a small number of blastocysts implanted in vehicle-treated COX2 −/− recipients, they all exhibited reduced endometrial vascular permeability on day 6 as determined by the blue dye method. Our previous observation shows that the attachment reaction does not occur in COX2 −/− recipients when examined on day 5 in similar blastocyst transfer experiments . Collectively, these results suggest that not only the implantation process is defective in COX2 −/− mice, but also it was delayed in those which showed only a few implantation sites.
Because a small number of wild-type blastocysts implant in COX2 −/− recipients albeit with delayed response, we speculated that embryonic and decidual growth are retarded in these mice. Thus, we examined gross morphology and histology of implantation sites on day 8 of pregnancy after the blastocyst transfer. Mice were treated with vehicle, cPGI, or PGE 2 alone or in combination. As shown in Table 1 , 83/199 (∼42%) blastocysts had implanted in all of the wild-type recipients on day 8, whereas only 27/120 (∼22%) blastocysts had implanted in 3 of 10 COX2 −/− recipients. P 4 was supplemented in COX2 −/− recipients from days 3-7 of pseudopregnancy to compensate for any P 4 deficiency resulting from reduced ovulation in these mice. In contrast, cPGI administration restored implantation in these mice to the level observed in wild-type recipients; 44/99 (∼44%) blastocysts implanted in the uteri of all COX2 −/− recipients (n = 8). Administration of PGE 2 alone was not effective in this response; only 10/57 (∼17%) blastocysts implanted in 3 of 5 COX2 −/− recipients. Moreover, PGE 2 did not further increase the cPGI-induced implantation rate; 60/124 (∼48%) blastocysts implanted in 9 of 10 COX2 −/− recipient uteri treated with cPGI and PGE 2 . These results suggest that PGI 2 is a key player in the process of implantation in the mouse.
To further confirm that activation of PPAR␦ indeed participates in this process, we examined the effects of a PPAR␦-selective agonist, L-165,041, on implantation in COX2 −/− mice using embryo transfer protocol as described above. All of the COX2 −/− recipients receiving L-165,041 showed implantation; 43/107 (∼40%) blastocysts had implanted in 7 of 7 recipients (Table 1) . Administration of PGE 2 with L-165,041 did not further improve implantation in COX2 −/− recipients; 36/80 (45%) blastocysts had implanted in 5 of 6 recipients. In contrast, administration of L-165,041 with 9-cis-RA, a RXR agonist, greatly improved implantation rate in COX2 −/− recipients, 59/95 (∼62%) blastocysts had implanted in 8 of 8 COX2 −/− recipients. These results suggest that PPAR␦ agonists are effective in improving implantation in COX2 −/− mice and this effect is further potentiated by RXR agonists. It is interesting to note that a combined treatment with PPAR␦ and RXR agonists induces implantation in COX2 −/− recipients more efficiently than in wild-type recipients after blastocyst transfers. PPAR␦ and RXR␣ are expressed in the COX2 −/− uterine stroma on day 5 (data not shown), but the expression is not concentrated at the sites of blastocysts not undergoing implantation as opposed to highly localized stromal expression surrounding blastocysts undergoing implantation in wild-type mice. This observation suggests that these receptors are present in the COX2 −/− uterus in the presence of blastocysts to respond to exogenous PPAR␦ ligands for implantation. Further, a modest COX1 expres- Day 4 wild-type blastocysts were transferred into day 4 pseudopregnant uteri of wild-type or COX2 −/− recipients. Mice were injected (ip) with the vehicle, cPGI, cicaprost, L-165,041, PGE 2 , L-165,041 plus 9-cis-RA, cPGI plus PGE 2 , or L-165,041 plus PGE 2 at 1700 hr on the day of blastocyst transfers and each day thereafter until sacrificed. Recipients were examined for implantation sites (IS) on days 6 or 8 by the blue dye method. The doses of various agonists are described in Materials and Methods. Uteri from mice without IS were flushed with saline to recover unimplanted blastocysts. All COX2 −/− recipients received progesterone (2 mg/mouse) from day 3 until sacrificed. a A number of delayed blastocysts was recovered from uterine flushings sion was only restricted to the luminal epithelium regardless of the location of unimplanted blastocysts (data not shown). Thus, COX2, which is localized in the stroma surrounding the blastocyst during implantation in wild-type mice, could not be compensated by COX1 in COX2 −/− mice for implantation. We evaluated the quality of embryos and decidua under these treatments. As shown in Figure 7A , the few implantation sites that occurred in COX2 −/− recipients treated with P 4 in the absence of cPGI showed severely retarded embryonic and decidual growth. All of the six implantation sites analyzed contained remnants of degenerating embryonic structures. Although administration of cPGI improved embryonic and decidual growth in
COX2
−/− recipients (n = 6), their growth was not comparable to that of the wild-type implantation site. PGE 2 treatment alone was also not effective in correcting these abnormalities (n = 4). Interestingly, coadministration of cPGI with PGE 2 markedly improved embryonic and decidual growth in COX2 −/− mice. Analysis of implantation sites (n = 5) from this group showed proper development of vascular sinusoids (the presumptive site of placentation) at the mesometrial pole and the size of the decidua was comparable to that of the wild-type decidua. Further, unlike embryonic structures in vehicleor cPGI-treated implantation sites, embryonic cells were compact in this treatment group. The decidual and embryonic growth of implantation sites induced by the PPAR␦ agonist L-165,041 or PGE 2 plus L-165,041 in COX2 −/− recipients were superior to those of the vehicle-treated group (data not shown). The inability of exogenously administered PGs or agonists to fully restore normal decidual and embryonic growth could be due to inappropriate selection of time and doses, rapid metabolism, and suboptimal delivery of these agents to the target cells. Nonetheless, these results suggest that PGI 2 is the primary mediator of implantation, whereas PGE 2 functions as a supplementary factor for the embryonic and decidual growth in the presence of PGI 2 . The retarded embryonic development could be due to improper development of the decidua and/or reduced angiogenesis as described below. This is consistent with the evidence that underdeveloped decidua are incapable of supporting normal embryonic development and placentation as demonstrated in IL-11 receptor ␣ null mutant mice (Bilinski et al. 1998) .
Because PGI 2 actively participates in vascular events, we speculated that the retarded embryonic and decidual growth in COX2 −/− mice could be due to aberrant angiogenesis. Thus, we examined expression of the VEGF receptor gene Flk1 in day 8 implantation sites of wild-type and COX2 −/− recipients. Flk1 was aberrantly expressed in COX2 −/− mice. As shown in Figure 7B , the expression of this mRNA was markedly reduced in the deciduum immediately surrounding the embryo and within the degenerating embryo, suggesting impairment of angiogenesis. In contrast, coadministration of cPGI and PGE 2 partially restored Flk1 expression in these cell types. Because Flk1 is a marker for angiogenesis (Chakraborty et al. 1995) , these results suggest that these PGs could be involved in angiogenesis that is important for initiation and progression of implantation. Others have reported a role for COX in angiogenesis (Tsujii et al. 1998) .
PGI 2 agonist restores decidualization in COX2 −/− mice
To ascertain the role of PGs in decidualization in the absence of embryonic influence, we employed an experimentally induced decidualization model. COX2 +/− and COX2 −/− mice received an intraluminal oil infusion on the morning of day 4 of pseudopregnancy and were killed on day 8 to record the decidual response . Again, P 4 was supplemented in COX2 −/− mice from days 3-7 of pseudopregnancy. Although vehicle-treated COX2 +/− mice exhibited ∼14-fold increases in uterine weights, only 1 of 10 (10%) COX2 −/− mice showed little response (∼2-fold) (Fig. 8) . In contrast, 10 of 15 (70%) COX2 −/− mice showed more than fivefold induction in decidualization when treated with cPGI. However, PGE 2 was not as effective as cPGI; 3 of 10 (30%) COX2 −/− mice showed approximately threefold induction (Fig. 8) . These results establish that PGI 2 is not only important for the initial stages of implantation, but also for subsequent decidualization.
Discussion
COX2-derived PGs are involved in a variety of physiological and pathological processes ). Our previous investigation evaluating COX2-deficient mice has established the essential role of COX2 in female reproductive processes including ovulation, fertilization, implantation, and decidualization . However, the candidate PG(s) or its mechanism of action in these processes has remained ill-defined. A recent observation provides evidence that COX2-derived PGE 2 participates in ovulation and fertilization, but not in implantation, in the mouse via the EP 2 receptor subtype (Kennedy et al. 1999) . In contrast, our present results demonstrate that COX2-derived PGI 2 participates in implantation and decidualization via the nuclear receptor PPAR␦ in the uterus. These two observations illustrate an intriguing distinction as to how specific PGs elicit unique physiological function through utilization of differential signaling pathways. Further, our present observation constitutes the first evidence for specific physiological functions of PPAR␦. Among the PPARs, PPAR␣ and PPAR␥ exhibit various biological functions including lipid homeostasis, cell cycle regulation, and modulation of immune function (Schoonjans et al. 1996a; Jiang et al. 1998; Mueller et al. 1998; Ricote et al. 1998; Staels et al. 1998; Tontonoz et al. 1998) . However, in spite of its widely distributed expression in adult and embryonic tissues (Kliewer et al. 1994; Braissant et al. 1996; Braissant and Wahli 1998) , evidence for the role of PPAR␦ in any normal or abnormal physiological process has yet to be reported. Our investigation demonstrates that this receptor manifests a unique function as a mediator of nuclear PGI 2 signaling during implantation. Our present study demonstrates that exogenous administration of a PGI 2 agonist cPGI significantly improves −/− mice were given an intraluminal oil infusion (25 µl) at 1000 hr on day 4 to induce decidualization. cPGI and/or PGE 2 (4 µg each/mouse) was injected at 1700 hr on day 4 followed by an injection at 0900 hr on days 5-7. On day 8, mice were killed and uterine weights were recorded. Fold increases denote comparison of weights between infused and noninfused uterine horns.
implantation rate and incidence of decidual response in COX2 −/− mice comparable to those in wild-type mice. However, histological examination of implantation sites from COX2 −/− recipients revealed that embryonic growth and decidual development are not fully complemented. This could be explained by difficulties in delivering the agonist at appropriate times to the target cells in vivo. Nonetheless, these results provide strong evidence that PGI 2 is the primary PG mediator of implantation. The role of PGE 2 in these uterine events is still uncertain, as it was not effective in improving the implantation rate in COX2 −/− mice when administered alone or in combination with cPGI. However, PGE 2 was able to improve embryonic and decidual growth in COX2 −/− recipients when coadministered with cPGI, suggesting an ancillary role in implantation. Further investigation is required to address the role of PGE 2 in implantation and decidualization. It should be noted that PGE 2 receptor subtypes exhibit uterine cell typespecific expression at the time of implantation Yang et al. 1997) . The role of EP 1 , EP 2 , and EP 3 subtypes appears to be insignificant as female mice lacking these genes do not exhibit implantation defects (Ushikubi et al. 1998; Kennedy et al. 1999) . However, the role of EP 4 in implantation has not yet been established (Nguyen et al. 1997) . Extensive neovascularization that occurs at the onset of implantation is accompanied with increased expression of VEGF and its receptors (Chakraborty et al. 1995) . Aberrant expression of Flk1 in the implantation sites of COX2 −/− recipients on day 8 (Fig. 7B ) reflects poor angiogenesis. Whether this aberrant angiogenesis is the cause or the consequence of defective implantation in COX2 −/− recipients is not yet known.
Coordinate expression of COX2, PGIS, PPAR␦, and RXR␣ in stromal cells surrounding the implanting blastocysts suggests a possible signaling cascade that is operative during implantation. Similar subcellular localization of COX2 and PGIS in stromal cell nuclei provides evidence that PGI 2 is synthesized and used directly at the sites of its synthesis where PPAR␦ and RXR␣ are coexpressed during implantation. Our observation is consistent with linear increases in COX2 expression that are correlated with PGI 2 production in endothelial cells (Jones et al. 1993) . Further, exclusive localization of only PPAR␦, but not other known PGI 2 receptors, at the onset of the attachment reaction and during the progression of decidualization suggests a strong correlation between this receptor and the implantation process. This is further supported by our observation of failure of cicaprost to induce implantation in COX2 −/− recipients. RXRs are universal partners for a variety of nuclear hormone receptors. With respect to PPAR/RXR heterodimerization, ligands for both PPAR and RXR can contribute to synergistic transcriptional activation (Mangelsdorf and Evans 1995) , whereas other receptors, including TR and RAR, act as repressive partners. Recent investigation suggests that the relative amount of RAR (repressive partner) and PPAR (permissive partner) within a cell system determines the functionality of RXR (Direnzo et al. 1997) . It is possible that enhanced or stabilized dimerization of PPAR/RXR in decidual cell nuclei further enhances receptor responsiveness to a PPAR␦ ligand, which would then lead to increased recruitment of transcriptional coactivators such as SRC-1. The role of SRC-1 in uterine biology has recently been documented in SRC-1-deficient mice that exhibit a reduced decidual response (Xu et al. 1998 ).
Our results demonstrate that either cPGI or the selective PPAR␦ ligand L-165,041 rescues implantation failure in COX2 −/− mice. Similarly, in a functional assay of transcriptional activity, both of these ligands with no structural homology had approximately equivalent activities in inducing PPAR␦-mediated transcription that was profoundly upregulated further by 9-cis-RA. This upregulated transcription by combined addition of PPAR␦ and RXR ligands corroborates with heightened implantation rates in COX2 −/− mice induced by L-165,041 and 9-cis-RA. Taken together, these two results present an agreeable correlation between the physiological phenotype (in vivo implantation experiments) and receptor activity (transcriptional assays), reinforcing our contention that PGI 2 signals through PPAR␦ during blastocyst implantation. The fact that transient transfections were performed in an endometrial cell line provides further evidence that this signaling pathway is functional in uterine cells during implantation. Failure of PPAR␣ activation by cPGI in AN 3 CA cells is surprising, as cPGI has been reported to be an activator of both PPAR␣ and PPAR␦ . PPAR␣ is expressed in these cells because treatment of transfected cells with the PPAR␣ selective ligand WY-14,643 leads to an approximately fivefold induction not seen with empty vector or PPAR␦-transfected cells. It is possible that cPGI induces the recruitment of a different set of transcriptional cofactors depending on whether it is bound to PPAR␣ or PPAR␦. Another possibility is the existence of an endometrial cell-specific cofactor that mediates the high level of induction seen with 9-cis-RA and either cPGI or L-165,041, as similar levels of induction were not observed in CV-1 cells, a green monkey kidney cell line (data not shown). The remarkable synergy observed with coaddition of either cPGI or L-165,041 with 9-cis-RA is consistent with a previous report demonstrating intermolecular synergy between PPAR and RXR (Schulman et al. 1998) . It is possible that binding of a RXR ligand confers conformational change within PPAR, leading to efficient ligand binding by this receptor.
It is possible that cPGI and L-165,04 share a common unidentified receptor pathway independent of PPAR␦ and this receptor pathway influences implantation. However, heightened induction of implantation in COX2 −/− mice by combined administration of L-165,041 and 9-cis-RA and the failure of cicaprost to induce such effect strongly suggest that neither the IP receptor nor an unidentified pathway is involved in inducing this effect. Furthermore, if the effect is not occurring through PPAR/RXR complex, we have to speculate that L-165,041, cPGI, and 9-cis-RA all share binding activity to a receptor pathway independent of PPAR/RXR.
Recent evidence demonstrates that COX2 is expressed either in the uterus, blastocyst, or both during implantation in a variety of species including sheep, mink, skunk, baboon, and pig (Charpigny et al. 1997; Song et al. 1998; Das et al. 1999; Kim et al. 1999 ; D.L. Davis, S.K. Das, and S.K. Dey, unpubl.) . These results suggest a conserved function of COX2 in implantation. Therefore, future studies should be directed in addressing whether a similar PGI 2 -mediated signaling cascade is operative during implantation in these species. Finally, ligands for PPAR␣ and PPAR␥ are being developed for clinical purposes because of their implications in pathological conditions, such as tumorigenesis, hypertriglyceridemia, and diabetes. Given the role of PPAR␦ in implantation, activity of these drugs under development toward PPAR␦ should also be carefully monitored to avoid possible complications in pregnancy.
Materials and methods
Material cPGI and PGE 2 were purchased from Cayman Chemical (Ann Arbor, MI); 9-cis-RA was purchased from Biomol (Plymouth Meeting, PA); and WY-14,643 was obtained from Chemsyn Science Laboratories (Lenexa, KS). L-165,041 was synthesized by Dr. R. Marquis (Merck Research Laboratories) and cicaprost was kindly provided by Dr. B. Forman (Beckman Research Institute, Duarte, CA). Mouse cDNAs for PPARs and the PPREx3-tkluciferase construct were kindly provided by Dr. R. Evans (Salk Institute, La Jolla, CA). Dr. J. Reddy (Northwestern University, Evanston, IL) provided the PPAR␣ cDNA, which was subsequently subcloned into the pCDNA3 expression vector and used in transfection assays. Mouse RXR cDNAs and rat PGI synthase clone were provided by Dr. P. Chambon (Institute de Genetique et de Biologie Moleculaire et Cellulaire, Illkirch Cedex, France) and Dr. M. Geraci (University of Colorado, Boulder), respectively. Anti-peptide polyclonal antibodies for mouse PPAR␦ (goat) and RXR␣ (rabbit) were purchased from Santa Cruz Biotechnology. Rabbit polyclonal antibody for mouse PPAR␦ was custom-raised by Research Genetics. Mouse monoclonal anti-PGIS was a generous gift from Dr. D. DeWitt (Michigan State University, Lansing).
Mice
The disruption of the COX2 gene was performed by introducing PGK-neo cassette in place of a 1.8-kb EcoRV genomic fragment housing exon 1 and surrounding sequences (Dinchuk et al. 1995) . PCR analysis of tail genomic DNA and blood urea nitrogen test (Dinchuk et al. 1995) were used for genotyping. All of the mice used in the present investigation were housed in the animal care facility at the University of Kansas Medical Center according to National Institutes of Health (NIH) and institutional guidelines on the care and use of laboratory animals.
Measurement of PGs
PGs were quantitated utilizing gas chromatography/negative ion chemical ionization mass spectrometric assays as described previously (DuBois et al. 1994 ).
In situ hybridization
In situ hybridization was performed as described previously (Das et al. 1994) . Sense or antisense 35 S-labeled cRNA probes were generated using appropriate polymerases from mouse-specific cDNAs to COX1, COX2, PPAR␣, PPAR␥, PPAR␦, IP, RXR␣, RXR␤, RXR␥, and Flk1 for in situ hybridization. For PGIS, rat-specific cDNA was used (Geraci et al. 1997) . The probes had specific activities at 2 × 10 9 disintegrations per minute (dpm)/µg. Sections hybridized with the sense probes did not exhibit any positive autoradiographic signals and served as negative controls.
Immunohistochemistry
Immunolocalization of PGIS, RXR␣, and PPAR␦ was performed in acetone-fixed frozen sections using a Zymed-Histostain-SP kit (Zymed) as described previously (Chakraborty et al. 1996) . Incubation of sections with preneutralized antibodies with specific antigens served as negative controls.
Nuclei preparation
Decidual tissues from day 8 pregnant mouse uteri were homogenized in TMK buffer (0.1% Triton X-100, 10 mM Tris, 5 mM MgCl 2 , 25 mM KCl, 5 mM DTT, 20 µg/ml PMSF, 10 µg/ml aprotinin, leupeptin at pH 8.0) containing 0.32 M sucrose with glass-Teflon homogenizer. Intact nuclei were prepared with ascending concentration of sucrose in TMK buffer. They were washed in buffer A (10% glycerol, 20 mM Tris, 4 mM MgCl 2 , 5 mM DTT, 20 µg/ml PMSF at pH 8.0) and suspended in buffer B (40% glycerol, 50 mM Tris, 5 mM MgCl 2 , 0.1 mM EDTA at pH 8.0). Isolated intact nuclei were confirmed by microscopic observation.
Coimmunoprecipitation and Western blotting
To examine cPGI-induced heterodimerization of PPAR␦ and RXR␣, same amount of intact nuclei were incubated with (5 µM) or without cPGI followed by a brief sonication to disrupt the nuclear envelope. The mixtures were then subjected to immunoprecipitation with goat polyclonal anti-mouse PPAR␦ antibody (1 µg). Antibody-antigen complexes were pulled down with Protein A/G-agarose (Santa Cruz) and washed with HNTG buffer (20 mM HEPES, 150 mM NaCl, 0.1× Triton X-100, 10% glycerol at pH 7.5). The samples were boiled in 1× SDS sample buffer and supernatants were run on SDS-PAGE gels (7.5%) in duplicate. After transferring onto nitrocellulose membranes, the membranes were subjected to Western blotting with PPAR␦-and RXR␣-specific antibodies. The relative amount of RXR␣/PPAR␦ was quantitated by PhosphorImager analysis.
Cell culture, transfection, and luciferase assays AN 3 CA uterine carcinoma cell line (Dawe et al. 1964 ) was obtained from Dr. M. Fukuda (The Burnham Institute, La Jolla, CA). Cells were grown in Dulbecco's modified Eagle medium (GIBCO-BRL) supplemented with 10% FBS (Hyclone), L-glutamine (2 mM), penicillin (100 U/ml), and streptomycin (100 µg/ ml) in a 5% CO 2 atmosphere. Cells (5.0 × 10 5 ) were transfected with a mixture containing 20 µg/ml lipofectamine (GIBCO-BRL), 0.66 µg/ml PPRE3-tk-luciferase, 0.66 µg/ml pRL-TK, 0.66 µg/ml of either pCDNA3, pCDNA-PPAR␣, or pCMX-PPAR␦ in Opti-MEM (GIBCO-BRL) for 5 hr. All transfections were normalized to a total of 2.0 µg/ml with pCDNA3. The transfection mixture was replaced with complete media con-taining either the vehicle (0.1% Me 2 SO) or the indicated ligands. After 24 hr, cells were harvested in 1× luciferase lysis buffer. Relative light units from firefly luciferase activity were determined using a luminometer (MONO LIGHT 2010) and normalized to the relative light units from renilla luciferase using the Dual Luciferase kit (Promega).
Blastocyst transfer and implantation
Pseudopregnancy in wild-type or COX2 −/− mice was induced by mating with wild-type vasectomized males. Day 4 wild-type blastocysts were transferred into the uteri of day 4 pseudopregnant recipients (Paria et al. 1993; ). On day 6 or 8, the number of implantation sites were recorded after intravenous injections of Chicago Blue B dye solution in saline (Paria et al. 1993) . For reversal experiments, cPGI, cicaprost, or PGE 2 were prepared in 10% ethanol/90% saline. The first injection (4 µg/mouse, i.p.) was given at 1700 hr on the day of blastocyst transfer followed by single injections each day until mice were sacrificed. L-165,041 was prepared in sesame oil (20 µg/mouse) and injected with or without PGE 2 (20 µg/mouse) following the same injection schedule as described above. L-165,041 dissolved in 0.5% (wt/vol) methylcellulose and 0.1% (vol/vol) polysorbate 80 in water was administered (30 mg/kg body weight) by oral gavage when coadministered with 9-cis-RA (10 µg/mouse, i.p.) following the same schedule. COX2 −/− recipients were supplemented with exogenous P 4 (2 mg/mouse) from day 3 until sacrificed as indicated in Table 1 to eliminate any deficiency of this steroid attributable to ovulation defects.
Reversal of decidualization
To induce decidualization, pseudopregnant COX2 +/− or COX2 −/− mice received intraluminal oil infusion (25 µl sesame oil) on day 4 at 1000 hr and were killed on day 8. Uterine weights of the infused and noninfused (control) horns were recorded and the fold induction in uterine weights was used as an index of decidualization ). For reversal experiments, PGs (4 µg/200 µl) were given following the same protocol as described above. COX2 −/− mice were supplemented with P 4 (2 mg/mouse) from days 3-7 of pseudopregnancy.
Histological examination of implantation sites
Implantation sites were isolated from embryo-transferred wildtype or COX2 −/− mice on day 8 and were fixed in 10% formalin or Karnovsky's fixative. Paraffin-embedded (6 µm) sections were stained with hematoxylin and eosin.
